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A B S T R A C T
Coastal habitats near urban centres in North Atlantic estuaries often support substantial
numbers of wintering waterfowl, but little is known of the effects of landscape setting
and urbanisation on habitat use. We conducted surveys of waterfowl at 32 wintering sites
in Narragansett Bay, Rhode Island, to identify characteristics that may influence habitat
use. Sites were chosen along a gradient of urbanisation and reflected the dominant habitat
types used by waterfowl in the Bay. Mean waterfowl abundance was 206.7 ± 209.5 birds per
site, and sites in the inner part of the estuary had higher overall waterfowl abundances
(r2 = 0.40, p = 0.021). Species richness ranged from 3.2 to 13.0 and decreased with increasing
hunting activity (r2 = 0.36, p = 0.040). Hunting activity and habitat characteristics (e.g., lati-
tude, shoreline configuration, prey density) explained 13–27% of the variation in waterfowl
abundance and species richness among sites, but landscape characteristics (e.g., surround-
ing residential development, vegetated land, or wetland surrounding the sites and the
extent of wetland edge) explained an additional 1–26%. The landscape characteristics
extent of adjacent residential development and vegetated upland were the most common
variables entering into the models; most species were more abundant at sites with more
adjacent vegetated upland and less adjacent residential development. Our results suggest
that landscape setting may be influencing the distribution of wintering waterfowl, and
should be considered when developing strategies for the conservation for these species
in urban North Atlantic estuaries.
Published by Elsevier Ltd.
1. Introduction
Coastal habitats are being increasingly impacted by urbanisa-
tion, both through direct loss and the indirect effects of hu-
man activities within the habitats or the adjoining
watershed (Hinrichsen, 1996; Michael et al., 1998; Kennish,
2002). These effects are particularly acute in North Atlantic
estuaries, many of which contain or are near urban centres.
In addition to being highly desirable areas for development,
coastal habitats are essential to the ecology of many species
of estuarine wildlife in that they provide structure and life
support functions to critical life stages and aid in the protec-
tion and development of many species (Collopy and Bildstein,
1987; Colwell, 1993; Chavez-Ramirez and Slack, 1995). In order
to adequately assess the costs and benefits of developing or
protecting coastal lands, we need to know more about the
effects of human-induced alteration of these areas. Many
studies have investigated the impact of these alterations on
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the degradation of coastal habitats themselves and its effects
on economically important fish and shellfish populations
(Neves and Angermeier, 1990; Ambrose and Meffert, 1999;
Vanderklift and Jacoby, 2003), but fewer have focused on the
effects on estuarine wildlife such as birds and mammals
(Madsen and Fox, 1995; Perry and Deller, 1996; West et al.,
2002; Le V Dit Durell et al., 2005).
Many species of waterfowl (ducks, geese, and swans) use
coastal habitats at certain stages in their life histories, and
North Atlantic estuaries often support substantial numbers
of wintering sea ducks, dabbling ducks, and diving ducks
(Bellrose, 1980; Gordon et al., 1989; Elkins and Lynch, 1997;
Krasnov et al., 2004). Particularly in heavily developed areas,
patterns of habitat use by wintering waterfowl may provide
insights into the habitat value of coastal areas. For example,
if it is found that waterfowl will avoid using areas subject
to indirect or proximal human disturbance, the value of that
habitat may be diminished in the context of conservation
and management of wintering waterfowl populations. A
number of studies have examined the effects of direct human
disturbance on waterfowl, but most of these have concen-
trated on managed impoundments, refuges, and protected
areas (Davidson and Rothwell, 1993; Madsen, 1995; Conomy
et al., 1998; Evans and Day, 2001). Coastal areas near urban
centres also provide habitat for wintering waterfowl, and
these have been less studied although they may be subject
to greater pressure from urbanisation (Clausen et al., 1998;
Clergeaua et al., 2006). Even though a habitat itself may re-
main intact and be protected, its landscape setting can be al-
tered by development or human activity within its watershed.
The landscape setting of a habitat has been shown to
influence bird distribution and abundance; for example, stud-
ies on passerines have identified landscape heterogeneity
(Roth, 1976; Bennett and Ford, 1997), extent of urbanisation
or agriculture (Miller and Cale, 2000; Soderstrom et al.,
2001), and edge density (Fletcher and Koford, 2002) as land-
scape characteristics that may influence habitat utilisation.
However, other studies have suggested the importance of
so-called structural or habitat characteristics in determining
habitat use (Esselink et al., 2000; Adamik et al., 2003; Ravens-
croft and Beardall, 2003). For waterfowl, important habitat
characteristics may include protection from exposure to
harsh winds and cold, shoreline extent, the presence of ade-
quate food, and habitat area (Christiansen and Low, 1970;
Sanderson, 1980).
In this study, we examined waterfowl use of coastal habi-
tats along a gradient of human disturbance. We investigated
the effects of landscape setting on waterfowl wintering in
Narragansett Bay, RI, USA, an estuary in an urban setting that
has a variety of habitat types surrounded by different
amounts of residential and natural lands. Using a nested
modeling approach with both habitat and landscape charac-
teristics, we compared waterfowl habitat use along a gradient
of human land use at 32 study sites that represent the pre-
dominant habitat types in the Bay: shallow coves, salt
marsh-dominated inlets, open water and rocky headlands.
Hunting activity was included in all models because this form
of direct human disturbance was pervasive across all of our
sites, and has been demonstrated to influence habitat use
by wintering waterfowl (Owen, 1993; Madsen, 1998a,b). Previ-
ous studies identified four waterfowl species assemblages
that use these habitats in the Bay (McKinney, 2004), and we
developed models for each assemblage and for all waterfowl
as a group.
We evaluated models using an Information Theoretic Ap-
proach that allows us to identify a best model for each species
assemblage, and also to identify which habitat or landscape
characteristics may best explain waterfowl abundance
(Anderson et al., 2001; Burnham and Anderson, 2002). Our
specific objectives were to (1) identify the best-fit model for
explaining waterfowl abundance based on habitat and land-
scape characteristics for each waterfowl species assemblage
and all waterfowl in Narragansett Bay, (2) identify specific
characteristics that may be influencing habitat utilisation,
and (3) investigate whether landscape setting is influencing
habitat use of wintering waterfowl in an urban estuary.
2. Methods
2.1. Study sites
We selected study sites from knownwaterfowl wintering hab-
itats within Narragansett Bay (Fig. 1). The average waterfowl
density in Narragansett Bay is 39 birds per square kilometer,
which is comparable to Boston Harbor, USA to the north (36
birds per square kilometer), but less than Chesapeake Bay,
USA to the south (55 birds per square kilometer; McKinney,
2004). Sites were chosen along a gradient of human land use
intensity (i.e. urban to suburban to rural) and consisted of
shallow coves (mean depth < 1 m; n = 8), salt marsh-domi-
nated inlets (wetland/water area > 0.2; n = 7), open water
(embayments with mean depth > 1 m; n = 12), and rocky
headlands (determined by visual inspection; n = 5). Study
sites differed in area (range 6.3–1204 ha; mean = 99.7 ha),
mean depth (range 0.2–5.8 m [mean lowwater]; mean = 2.2 m),
and perimeter (range 1.1–40 km; mean = 7.5 km) typical of
eastern North Atlantic estuaries (Conley et al., 2000; Roman
et al., 2000).
2.2. Waterfowl surveys
Survey datawere collected during thewinters (January–Febru-
ary inclusive) of 2001–2003 using a 32–60 · spotting scope or
10 · 50 binoculars. At each site we were positioned so we
could observe the entire surface of the site from the land.
Sites were surveyed twice during the survey period (for a total
of 2 samples per site per year and 6 samples per site per year
over the course of the study) on randomly chosen days and at
randomly chosen times of day. The number and species of
waterfowl present at the sites was recorded during each
survey.
2.3. Habitat and landscape measurements
Habitat and land-use characteristics were developed using
Geographic Information System (GIS) topographic databases.
GIS data (e.g., shorelines, land use and land cover) were ob-
tained from the Rhode Island Geographic Information System
(RIGIS) and were processed using Environmental Systems Re-
search Institute (ESRI) ARC GIS software (Redlands, CA).
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Shoreline data were derived from 15 min (1:24,000 scale) Uni-
ted States Geological Survey (USGS) topographic maps, land
use and land cover data were developed from 1995 aerial pho-
tography (1:24,000 scale) coded to Anderson modified level 3
(Anderson et al., 1976) to one half-acre (0.1 ha) minimum
polygon resolution. The shoreline data were used to deter-
mine the latitude (LATD; distance of the site in nautical miles
from 41N latitude), area (AREA), and perimeter of the sites.
Shoreline configuration (SHRL) is the ratio of the perimeter
of a site to the circumference of a circle of area equal to that
of the site (Wetzel, 1975, p. 31). The land use and land cover
data layer was used to calculate the proportion of land use
within a 100 m buffer surrounding each site. The area of var-
ious land use types was used to calculate percent vegetated
land (VEGL), residential land (RESL), and wetland (WLAR)
within the 100 m buffer of each site. The ratio of the area of
each land use type within the 100 m buffer to the perimeter
of the sites was used to calculate vegetated edge, residential
edge and wetland edge (W/ED). We repeated this analysis
for the northwest portion of the 100 m buffer (the area con-
tained within lines drawn at headings of 270 and 360 from
the location within the site where the majority of the water-
fowl were observed), which corresponded to the prevailing
direction of winter winds in Narragansett Bay. We calculated
natural buffer from wind as the proportion of vegetated land
(forest and shrub) within this segment that could provide
shelter from prevailing winds, and man-made buffer from
wind as the proportion of developed land (residential, com-
mercial, and industrial) within the segment. These two vari-
ables were summed to calculate total buffer from wind
(BUFT). Habitat and landscape characteristics from single
measurements were used in constructing habitat models.
We used grab sampling to measure the abundance of ben-
thic invertebrates that could serve as prey for shallow cove,
open water, and rocky headland waterfowl species. Sub-tidal
sample locations within the sites were chosen at random
using a probability-based random sampling protocol (Paul
et al., 2003). A total of 10 samples were obtained from each
site at the onset of the project during the winter of 2001 using
a Ponar grab sampler, which samples an 81 cm2 area of the
Fig. 1 – Location of study sites surveyed for waterfowl in Narragansett Bay, Rhode Island USA 2001–2003. 1, Allen Harbor; 2,
Apponaug Cove; 3, Barrington River; 4, Bissel Cove; 5, Bonnet Point; 6, Brenton Cove; 7, Bristol Harbor; 8, Brush Neck Cove; 9,
Bullocks Cove; 10, Coggeshell Cove; 11, Colt State Park; 12, Fogland Point; 13, Greenwich Bay; 14, Greenwich Cove; 15, Hull
Cove; 16, Kickemuit River; 17, Mackerel Cove; 18, Nag Pond; 19, Nanaquaket Pond; 20, Newport Harbor; 21, Passeonkquis
Cove; 22, Pawtuxet Cove; 23, Portsmouth Cove; 24, Potowomut River; 25, Potter Cove; 26, Sachuest Point; 27, Sakonnet Point;
28, Sheffield Cove; 29, Warren River; 30, Warwick Cove; 31, Watchemoket Cove; 32, Wickford Harbor.
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sediment surface down to a depth of 2–5 cm (Klemm et al.,
1990). Samples were passed through a 0.5 mm sieve and
immediately sorted, counted, and measured. Abundances
were calculated as the average of 10 grabs. Biomass of avail-
able soft tissue for each was calculated using existing allome-
tric length–weight relationships (McKinney et al., 2004). We
calculated productivity at each site using known productivity
to biomass relationships (Robertson, 1979), and used these
values along with species-specific tissue energy densities to
estimate site energy density. Species were aggregated by phy-
lum to calculate available crustacean energy density (PREC),
available mollusc energy density (PREM), and all available
prey energy density.
An index of waterfowl hunting (range: 1–5) was developed
for each site using the best available data on hunting trends in
the Bay (C. Allin, Rhode Island Division of Fish and Wildlife,
personal communication) and observations made during
sampling events. Sites at which waterfowl hunting was pro-
hibited by state waterfowl hunting regulations were assigned
an index value of 1. Those at which hunting was allowed, but
which had only occasional hunting activity documented were
assigned a value of 3. Sites where hunting was allowed and
where regular hunting activity was documented and observed
during waterfowl surveys were assigned a value of 5. Other
sites were assigned intermediate values depending on the le-
vel of hunting activity.
2.4. Statistical analysis
We aggregated waterfowl abundance data into four species
assemblages based on life histories (e.g., Bellrose, 1980; Gau-
thier, 1993) and previous studies in Narragansett Bay (Table
1). Waterfowl abundance was modeled instead of waterfowl
density because wewanted to treat site area as a habitat char-
acteristic in our models, since habitat area could conceivably
be of conservation and management concern. Species rich-
ness was the number of waterfowl species observed at a site.
Infrequently observed ducks (e.g., king eider Somateria specta-
bilis or tufted duck Aythya fuligula) were not included in esti-
mates of species richness or abundance. Abundance data
were tested for evidence of year effects by calculating the spe-
cies percent composition, or the percentage of all waterfowl
that consisted of a given species assemblage (e.g., rocky head-
land species comprised 8.8% of all waterfowl during 2001). Be-
cause the variation in percent composition ranged from 2.0%
to 4.7% for all species assemblages, and was similar among
years (ANOVA; F2P 0.001, p > 0.50), we did not de-trend the
data. Abundances were pooled from 2001 to 2003, and
square-root transformed prior to significance testing (but
not prior to model development) to improve homogeneity of
variances and normality (Fowler et al., 1998, p. 87).
Habitat characteristics that were highly correlated (r > 0.7)
were not included in habitat association models. Specifically,
prey energy density of all prey was positively correlated with
prey energy density of molluscs (r = 0.88, p < 0.01) and was
eliminated, natural buffer from wind and man-made buffer
from wind were positively correlated with total buffer from
wind (r > 0.76, p < 0.01) and were eliminated, and vegetated
edge and residential edge were negatively correlated with
wetland edge (r > 0.80, p < 0.01). For all associated habitat
characteristics only the latter was included in the habitat
association models. The remaining characteristics were clas-
sified into two groups: habitat characteristics which included
latitude (LATD), area (AREA), shoreline configuration (SHRL),
prey energy density of molluscs (PREM), and prey energy den-
sity of crustaceans (PREC); and landscape characteristics
which included residential land-use (RESL), proportion of veg-
etated land (VEGL), total buffer from wind (BUFT), proportion
of wetland (WLAR), and wetland edge (W/ED). Habitat charac-
teristics were transformed as required to improve homogene-
ity of variances and normality. We used Spearman rank
correlation analysis to examine the relationship between
individual characteristics and waterfowl abundance.
We used multiple linear regression, with waterfowl abun-
dance (birds/day/site) of four species assemblages and also
species richness as the dependent variables, to construct
models to explain habitat use based on habitat and landscape
characteristics. A nested approach was used because we ex-
pected habitat characteristics such as site location, area,
and prey abundance to explain much of the variation in
waterfowl abundance (e.g., Goudie and Ankney, 1988; Perry
and Deller, 1996; Gordon et al., 1998). We were also interested
in whether urbanisation-related characteristics explained
additional variation in habitat use. We therefore developed
models based on habitat characteristics, or those intrinsic to
the site, and examined whether the addition of landscape
Table 1 – Duck species assemblages at wintering sites in Narragansett Bay, RI, USA, 2001–2003
Shallow covea Marshb Open waterc Rocky headlandd
Bufflehead American black duck Common goldeneye Harlequin duck
Canvasback Mallard Barrow’s goldeneye Common eider
Hooded merganser American wigeon Scoter spp.
Gadwall Long-tailed duck
Red-breasted merganser
Scaup spp.
Ducks were categorized based on life histories and previous studies of waterfowl distribution in Narragansett Bay.
a Scientific names: bufflehead Bucephala albeola, canvasback Aythya valisineria, hooded merganser Mergus cucullatus.
b American black duck Anas rubripes, mallard Anas platyrhynchos, American wigeon Anas americana, gadwall Anas strepera.
c Common goldeneye Bucephala clangula, Barrow’s goldeneye Bucephala islandica, scoter Melanitta spp., long-tailed duck Clangula hyemalis,
red-breasted merganser Mergus serrator, scaup Aythya spp.
d Harlequin duck Histrionicus histrionicus, common eider Somateria mollissima.
242 B I O L O G I C A L C O N S E R VAT I O N 1 3 2 ( 2 0 0 6 ) 2 3 9 –2 4 9
characteristics, or those that could come under management
action, improved the models. To do this, we first determined
the best model(s) for explaining waterfowl abundance based
on habitat characteristics (LATD, AREA, SHRL, PREM, and
PREC) and an index of hunting activity (HUNT). Our rationale
for separating hunting disturbance from other landscape
characteristics was that this form of disturbance is not neces-
sarily related to urbanisation and land use around the sites,
i.e., hunting disturbance can and in many cases is more likely
to occur in relatively undisturbed habitats. Best habitat mod-
els were evaluated using small sample Akaike Information
Criteria (AICc), which accounts for biases that might arise
from relatively small sample size (Burnham and Anderson,
2002, p. 66). We then added landscape characteristics to the
best habitat models, which were also evaluated using AICc. Fi-
nally, we tested the best habitat model against the best habi-
tat + landscape model by computing AICc differences
(DAICc = AICci  AICcmin; Burnham and Anderson, 2002, pp.
70–72). Statistical analyses were performed with SAS for Win-
dows ver. 6.12 (SAS Institute, Inc., Carey, NC, USA).
We computed Akaike weights for each habitat + landscape
model to determine the best models (Burnham and Anderson,
2002, pp. 75–77). The relative importance (w+(j)) of each land-
scape characteristic was determined by summing the Akaike
weights of all models that included this characteristic (Burn-
ham and Anderson, 2002, pp. 167–169). Relative importance
values provide a means to incorporate selection uncertainty
in the evaluation of a set of characteristics, and larger values
of w+(j) indicate that a particular characteristic may be a bet-
ter predictor variable (Burnham and Anderson, 2002, p. 167).
3. Results
In general, open water species were the most abundant
assemblage at most study sites, followed by marsh ducks
and shallow cove species (Table 2). Mean waterfowl abun-
dance was 206.7 ± 209.5 birds per site per day (n = 6), and spe-
cies richness averaged 6.47 ± 2.33 species per site per day
(n = 6). Waterfowl abundance increased with increasing lati-
tude, with inner Bay sites having higher abundances than
those located near the mouth of the Bay (r2 = 0.40, p = 0.021).
Degree of hunting tended to decrease with increasing lati-
tude, but not significantly (r2 = 0.32, p = 0.068). Total waterfowl
abundance (r2 = 0.40, p = 0.022) and marsh duck abundance
Table 2 – Abundance (number of birds per site ± SE) of all waterfowl and four species assemblages, and species richness of
waterfowl at wintering sites in Narragansett Bay, RI, USA, 2001–2003
Site ALL SHC OPW RKH MAR SPR
Allen Harbor 96.2 ± 39.2 14.4 ± 3.8 80.2 ± 36.4 0.0 0.0 3.2 ± 1.0
Apponaug Cove 559.3 ± 304.7 27.0 ± 3.3 20.0 ± 0.6 0.0 168.0 ± 84.2 9.0 ± 2.9
Barrington River 49.8 ± 16.3 26.2 ± 7.0 1.3 ± 0.5 0.0 15.2 ± 7.1 5.3 ± 1.6
Bissel Cove 68.2 ± 27.8 9.0 ± 2.4 43.4 ± 21.1 0.0 8.6 ± 4.3 6.0 ± 2.0
Bonnet Point 10.3 ± 0.8 0.0 9.5 ± 2.0 0.5 ± 0.4 0.0 3.3 ± 1.1
Bristol Harbor 179.7 ± 84.2 12.9 ± 2.4 25.1 ± 9.7 0.0 27.0 ± 6.5 9.0 ± 2.9
Brenton Cove 244.2 ± 79.8 6.9 ± 1.9 64.0 ± 29.1 0.0 93.5 ± 44.8 5.1 ± 1.6
Brush Neck Cove 320.9 ± 177.1 24.4 ± 3.6 30.3 ± 19.2 0.0 96.8 ± 56.6 10.3 ± 3.3
Bullocks Cove 511.6 ± 163.3 34.9 ± 9.5 61.1 ± 45.7 0.0 136.8 ± 91.5 7.6 ± 2.6
Colt State Park 214.5 ± 30.7 13.9 ± 8.1 27.5 ± 12.7 0.0 134.5 ± 10.2 6.3 ± 2.0
Coggeshell Cove 81.4 ± 5.4 37.3 ± 15.3 37.8 ± 25.1 0.0 3.0 ± 0.4 7.0 ± 2.3
Fogland Point 76.5 ± 8.6 14.0 ± 0.8 11.1 ± 9.0 0.0 47.5 ± 2.0 3.6 ± 1.3
Greenwich Bay 132.4 ± 63.8 13.9 ± 7.5 75.3 ± 38.7 0.0 40.8 ± 51.0 6.0 ± 2.0
Greenwich Cove 472.4 ± 154.3 1.0 ± 0.7 307.0 ± 227.7 0.0 61.8 ± 31.4 9.1 ± 2.9
Hull Cove 56.5 ± 78.7 16.9 ± 5.7 33.1 ± 17.8 0.0 4.6 ± 4.1 5.0 ± 1.6
Kickemuit River 87.9 ± 35.8 0.0 75.3 ± 39.2 0.0 7.0 ± 3.3 5.3 ± 1.6
Mackerel Cove 66.6 ± 32.4 4.9 ± 0.7 52.5 ± 24.1 0.0 7.8 ± 6.3 5.0 ± 2.3
Nag Pond 12.0 ± 7.4 4.5 ± 3.7 0.0 0.0 7.5 ± 3.7 2.9 ± 1.0
Nanaquaket Pond 219.5 ± 151.6 21.5 ± 10.2 2.5 ± 2.0 0.0 55.0 ± 45.0 5.1 ± 1.6
Newport Harbor 87.1 ± 28.4 2.3 ± 0.5 56.7 ± 26.3 2.0 ± 0.7 11.8 ± 5.8 4.3 ± 2.3
Passeonkquis Cove 132.0 ± 14.7 8.5 ± 6.9 32.5 ± 26.6 0.0 75.5 ± 56.0 9.1 ± 2.9
Potter Cove 248.1 ± 40.0 52.1 ± 6.6 100.0 ± 29.4 0.0 24.2 ± 9.8 7.0 ± 2.3
Potowomut River 97.2 ± 87.8 43.9 ± 11.5 6.0 ± 8.5 0.0 0.0 4.3 ± 1.3
Portsmouth Cove 177.6 ± 72.3 59.5 ± 16.2 5.2 ± 2.3 0.0 47.4 ± 23.9 4.1 ± 1.3
Pawtuxet Cove 191.3 ± 78.1 14.0 ± 3.8 140.3 ± 103.9 0.0 8.7 ± 4.8 7.9 ± 2.6
Sachuest Point 239.4 ± 80.1 30.3 ± 3.1 87.5 ± 20.4 96.1 ± 33.4 25.8 ± 4.8 13.0 ± 1.1
Sakonnet Point 210.1 ± 86.7 2.3 ± 1.0 17.1 ± 3.4 190.8 ± 90.1 0.0 6.3 ± 2.0
Sheffield Cove 44.4 ± 6.2 17.1 ± 0.7 12.8 ± 5.9 0.0 10.0 ± 8.2 7.1 ± 2.3
Warwick Cove 188.3 ± 76.8 2.1 ± 0.5 39.9 ± 18.2 0.0 21.7 ± 10.8 6.3 ± 2.0
Warren River 90.5 ± 36.8 60.2 ± 20.5 21.8 ± 10.7 0.0 8.2 ± 3.7 6.1 ± 2.0
Watchemoket Cove 1053.3 ± 591.2 19.5 ± 5.1 603.1 ± 490.6 0.0 90.5 ± 55.2 10.0 ± 3.3
Wickford Harbor 399.0 ± 163.1 45.3 ± 27.9 109.6 ± 50.1 0.0 175.4 ± 115.2 7.1 ± 2.3
Total all sites 6613 ± 4369 626 ± 297 2188 ± 2266 289 ± 216 1415 ± 1210 –
ALL, all waterfowl species combined, including geese and swans; SHC, shallow cove species; OPW, open water species; RKH, rocky headland
species; MAR, marsh ducks; SPR, species richness. Species included in waterfowl assemblages are listed in Table 1.
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(r2 = 0.44, p = 0.013) decreased with hunting activity, whereas
species richness increased with a decrease in hunting activity
across sites (r2 = 0.36, p = 0.040). Species richness ranged from
3.2 at Allen Harbor, a mid-bay shallow cove site, to 13.0 at
Sachuest Point, a rocky headland site at the mouth of the Bay.
Habitat and landscape characteristics differed consider-
ably among sites; for example, site area averaged 102 ha but
ranged from 6.3 to 1200 ha, and both mollusc and crustacean
prey energy density ranged over more than three orders of
magnitude (Table 3a). The proportion of residential land
(RESL) and vegetated land (VEGL) bordering the sites ranged
from 0.0 to 0.76, but on average was 0.313 for residential land
and 0.215 for vegetated land (Table 3b). The extent of natural
or man-made wind buffer on the northwest border of a site
ranged from complete (BUFT = 1.000) to none (BUFT = 0.000),
and averaged 0.563 (Table 3b). The area of wetland bordering
the sites averaged 4.6 ha, although more than half the sites
had less than 5 ha of adjoining wetland.
Habitat models explained some of the variance in species
richness and abundance of all waterfowl, and rocky headland
and shallow cove species (r2: 0.23–0.35), but explained little of
the variance in abundance of marsh ducks and open water
species (Table 4). Latitude (LATD) had the highest relative
importance of the characteristics considered in the habitat
models, followed by shoreline configuration and mollusc prey
density (Table 5).
Adding landscape characteristics improved the models
considerably (DAICc > 2) for all species except for marsh ducks
(Table 4). Landscape characteristics explained an additional
1–26% of the variation in waterfowl abundance when added
to the habitat models (Table 4). Surrounding residential land,
surrounding vegetated land, and wetland edge most fre-
quently contributed to the additional variance explained by
the habitat + landscape models (Table 6).
4. Discussion
Waterfowl abundance at our sites in Narragansett Bay was
less than that previously reported for nearby estuaries. For
example, the mean abundance of shallow cove and open
water species at our sites was about 20 times less than that
reported for several similarly sized habitats located on the
New Hampshire, USA coastline approximately 200 km to
the north (964 ducks per site; Stott and Olson, 1973), and
overall waterfowl abundance at our sites was more than 30
times less than that reported at the Jamaica Bay Wildlife
Table 3a – Habitat characteristics of waterfowl wintering sites in Narragansett Bay, RI, USA, 2001–2003
Site LATD AREA SHRL PREM PREC HUNT
Allen Harbor 37.306 37.4 0.0022 24,032 1924 3.5
Apponaug Cove 41.492 43.7 0.0018 108,534 29,017 1.0
Barrington River 44.025 16.6 0.0020 99,600 21,726 1.0
Bissel Cove 32.943 30.6 0.0024 100,189 26,358 4.0
Bonnet Point 28.180 68.8 0.0008 52,117 147,171 1.0
Bristol Harbor 40.562 155 0.0008 84,565 21,312 1.0
Brenton Cove 28.427 75.3 0.0010 29,896 51,945 1.0
Brush Neck Cove 41.232 50.1 0.0025 140,236 27,023 1.0
Bullocks Cove 45.032 51.2 0.0016 79,267 8980 1.0
Colt State Park 40.623 18.0 0.0025 173,099 13,988 2.5
Coggeshell Cove 39.255 18.7 0.0023 188,767 25,862 4.5
Fogland Point 33.272 18.2 0.0016 604,221 9451 4.0
Greenwich Bay 40.588 1204 0.0006 34,028 12,236 3.0
Greenwich Cove 39.467 110 0.0012 52,909 47,141 1.0
Hull Cove 27.787 26.7 0.0017 23,694 88,706 4.0
Kickemuit River 42.621 224 0.0010 210,608 63,692 2.0
Mackerel Cove 28.894 86.1 0.0008 4956 94,112 3.0
Nag Pond 37.677 6.30 0.0065 174,928 6621 3.0
Nanaquaket Pond 36.513 81.1 0.0010 156,922 19,927 1.0
Newport Harbor 28.760 72.5 0.0013 28,746 9638 1.0
Passeonkquis Cove 44.790 7.90 0.0038 192,150 583,427 3.0
Potter Cove 38.572 39.9 0.0012 381,557 21,072 4.0
Potowomut River 39.286 68.7 0.0013 448,425 42,679 5.0
Portsmouth Cove 37.775 132 0.0012 137,612 1684 3.0
Pawtuxet Cove 45.322 27.4 0.0021 45,188 210,724 1.0
Sachuest Point 28.547 60.0 0.0013 1,058,236 19,885 1.0
Sakonnet Point 27.205 51.4 0.0016 59,270 20,406 5.0
Sheffield Cove 29.417 25.9 0.0004 183,671 1290 5.0
Warwick Cove 41.475 46.4 0.0023 32,075 33,850 1.0
Warren River 43.740 201 0.0010 233,044 40,037 1.0
Watchemoket Cove 48.038 28.8 0.0018 126,323 39,499 1.0
Wickford Harbor 34.523 166 0.0019 30,834 18,667 2.0
LATD, distance of the site in nautical miles from 41 N latitude; AREA, water area of the site in hectares; SHRL, index of shoreline configuration;
PREM, energetic content of invertebrate mollusk prey in kcal per hectare; PREC, energetic content of invertebrate crustacean prey in kcal per
hectare; HUNT, index of hunting activity.
244 B I O L O G I C A L C O N S E R VAT I O N 1 3 2 ( 2 0 0 6 ) 2 3 9 –2 4 9
Refuge, Long Island, NY, USA (7322 ducks per site; Burger
et al., 1984). These differences may be to some extent attrib-
uted to the urban setting of Narragansett Bay; however,
there may also be differences attributed to seasonal and
yearly changes in waterfowl numbers. Surrounding land
use was not reported for the New Hampshire habitats, but
they were not near any large urban centres. The Jamaica
Bay sites were located within the Jamaica Bay Wildlife Ref-
uge, which, while in relatively close proximity to New York
City, is an undeveloped area where waterfowl are protected.
The mean waterfowl density for the Narragansett Bay
estuary (39 birds per square kilometer; McKinney, 2004) is
comparable to Boston Harbor, MA, USA, an urban estuary
located 110 km to the north (36 birds per square kilometer;
TASL Online: http://www.gis.net/~szendeh/tasl.htm).
We detected more waterfowl at upper bay sites (i.e., sites
at higher latitude) compared to those at the mouth of the
Bay. Upper bay sites tend to be better protected from prevail-
ing winter winds and from wave action because of the buffer-
ing effect of neighbouring land, and waterfowl may seek
better protected sites to minimize the energetic costs of ther-
moregulation (Bennett and Bolen, 1978; Jorde et al., 1984;
Brodsky andWeatherhead, 1985). In Narragansett Bay, human
population density is highest in the upper Bay, and hunting is
often prohibited by state regulations in those areas. Ducks
may favour these protected habitats and this behavior may
mitigate to some extent any negative effects of residential
development (e.g., increases in pedestrian and vehicular traf-
fic, noise from pets) around these more densely inhabited
sites.
Habitat models explained some of the variation in water-
fowl abundance and species richness, particularly for rocky
headland species. Our correlation coefficients were within
the range of those reported for the abundance of brent geese
Branta bernicla and Eurasion wigeon Anas penelope (Percival
et al., 1996) and several marsh duck species in managed ver-
sus non-managed wetlands (Gordon et al., 1998) with habitat
structure. Habitat characteristics included in the models var-
ied for the different species assemblages, but for the most
part the best habitat models were consistent with what is
known of the winter habitat requirements of waterfowl. For
example, except for shallow cove and rocky headland species,
all abundances decreased with hunting activity, which agrees
with previous studies of the effects of hunting disturbance
Table 3b – Landscape characteristics of waterfowl wintering sites in Narragansett Bay, RI, USA, 2001–2003
Site RESL VEGL BUFT W/ED WLAR
Allen Harbor 0.000 0.511 0.740 2.19 4.542
Apponaug Cove 0.595 0.044 0.795 1.15 3.093
Barrington River 0.688 0.268 0.764 0.00 0.002
Bissel Cove 0.384 0.357 0.813 2.52 4.553
Bonnet Point 0.715 0.000 0.254 0.00 0.001
Bristol Harbor 0.248 0.063 0.308 1.14 9.690
Brenton Cove 0.359 0.031 1.000 0.00 0.001
Brush Neck Cove 0.534 0.386 0.861 1.16 3.559
Bullocks Cove 0.414 0.215 0.811 0.52 1.638
Colt State Park 0.018 0.076 0.000 22.25 20.049
Coggeshell Cove 0.000 0.206 0.310 11.87 13.645
Fogland Point 0.249 0.000 0.092 0.87 1.077
Greenwich Bay 0.456 0.218 0.693 0.43 29.748
Greenwich Cove 0.229 0.405 0.613 0.19 1.233
Hull Cove 0.325 0.514 0.917 0.22 0.395
Kickemuit River 0.362 0.179 0.511 2.71 33.354
Mackerel Cove 0.649 0.259 0.552 0.09 0.492
Nag Pond 0.011 0.213 0.332 40.86 11.924
Nanaquaket Pond 0.361 0.114 0.335 1.37 6.956
Newport Harbor 0.226 0.170 0.711 0.00 0.001
Passeonkquis Cove 0.333 0.265 0.793 10.32 5.698
Potter Cove 0.000 0.412 0.542 3.33 7.476
Potowomut River 0.421 0.179 0.812 2.36 10.086
Portsmouth Cove 0.274 0.090 0.238 1.23 7.823
Pawtuxet Cove 0.645 0.132 0.857 0.45 0.635
Sachuest Point 0.003 0.762 0.571 1.09 3.442
Sakonnet Point 0.041 0.110 0.219 0.00 0.001
Sheffield Cove 0.162 0.221 0.417 6.91 9.217
Warwick Cove 0.336 0.045 0.911 12.38 32.903
Warren River 0.486 0.109 0.574 0.86 10.750
Watchemoket Cove 0.105 0.130 0.194 0.37 1.085
Wickford Harbor 0.383 0.222 0.686 3.79 33.596
RESL, proportion of residential land use within a 100 m radius of the perimeter of the site; VEGL, proportion of vegetated land within a 100 m
radius of the perimeter of the site; BUFT, proportion of vegetation or man-made structures within a 100 m radius of the perimeter of the site
that could potentially provide shelter from exposure from prevailing winter winds; W/ED, the proportion of wetland within a 100 m radius of
the perimeter to the length of the perimeter of the site; WLAR, area (in ha) of wetland within a 100 m radius of the perimeter of the site.
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(Madsen, 1998a,b). Shallow cove species were represented pri-
marily by bufflehead Bucephala albeola, and we noticed during
several surveys that bufflehead would often not respond to
hunting activity near their feeding sites. Bufflehead may not
be as actively hunted as other North American waterfowl
(collectively 1.1% of the annual harvest from 1966 to 1990;
Table 4 – Best habitat and landscape models for species richness and abundance of waterfowl assemblages wintering at
Narragansett Bay, RI, USA sites, 2001–2003
Species assemblages DAICc
a R2 Best model
Model type
All waterfowl
Habitat 6.521 0.26 104  42.2 (HUNT) + 11.0 (LATD)
Landscape 0.000 0.44 8.34  54.8 (HUNT) + 13.5 (LATD)  434 (RESL)  9.37 (W/ED)
Shallow cove
Habitat 5.345 0.26 28.2 + 2.63 (HUNT) + 1.22 (LATD) + 2.55 · 105 (PREM)  4504 (SHRL)
Landscape 0.000 0.27 32.0 + 2.79 (HUNT) + 1.23 (LATD) + 2.69 · 105 (PREM)  4517 (SHRL) + 5.42 (BUFT)
Rocky headland
Habitat 3.570 0.23 53.4 + 0.49 (HUNT)  1.59 (LATD) + 5.82 · 105 (PREM)
Landscape 0.000 0.49 70.5 + 2.26 (HUNT)  1.62 (LATD) + 4.11 · 105 (PREM)  32.2 (RESL)
Open water
Habitat 6.934 0.13 8.11  13.7 (HUNT) + 4.89 (LATD)
Landscape 0.000 0.35 81.7  22.2 (HUNT) + 6.28 (LATD)  267 (RESL)  5.23 (W/ED)
Marsh
Habitat 0.482 0.17 14.4  10.9 (HUNT) + 1.49 (LATD)
Landscape 0.000 0.18 26.2  10.5 (HUNT) + 1.35 (LATD)  34.3 (VEGL)
Species richness
Habitat 4.279 0.27 7.39  0.67 (HUNT) + 3.96 · 106 (PREM)
Landscape 0.000 0.36 6.76  0.72 (HUNT) + 2.68 · 106 (PREM) + 4.48 (VEGL)
Best models are those with the lowest Akaike Information Criterion corrected for small sample sizes (AICc). See Table 2 for a full list and
description of candidate habitat and landscape variables. Species included in waterfowl assemblages are listed in Table 1.
a DAICc = DAICci minAICc.
Table 5 – Relative importance of habitat characteristics in regression models explaining species richness and abundance
of waterfowl assemblages at wintering sites in Narragansett Bay, RI, USA, 2001–2003
Species LATD AREA SHRL PREM PREC
All waterfowl 0.791 0.302 0.240 0.358 0.297
Shallow cove 0.791 0.241 0.609 0.442 0.482
Rocky headland 0.519 0.239 0.736 0.250 0.240
Open water 0.598 0.273 0.272 0.276 0.303
Marsh ducks 0.421 0.289 0.306 0.291 0.317
Species richness 0.318 0.232 0.849 0.366 0.258
The relative importance is the sum of Akaike weights over all of the candidate models in which the variable occurred. See Table 2 for a
description of habitat variables.
Table 6 – Relative importance of landscape characteristics in regression models explaining species richness and
abundance of waterfowl assemblages at wintering sites in Narragansett Bay, RI, USA, 2001–2003
Site RESL VEGL BUFT W/ED WLAR
All waterfowl 0.859 0.248 0.240 0.754 0.315
Shallow cove 0.314 0.323 0.328 0.309 0.302
Rocky headland 0.457 0.281 0.324 0.384 0.309
Open water 0.857 0.263 0.253 0.708 0.290
Marsh ducks 0.316 0.355 0.297 0.298 0.343
Species richness 0.453 0.607 0.281 0.365 0.240
The relative importance is the sum of Akaike weights over all of the candidate models in which the variable occurred. See Table 2 for a
description of the habitat variables.
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Baldassarre and Bolen, 1994, p. 330). Because hunting activity
is included in all models, it is not possible to determine its
importance relative to other habitat characteristics.
Because of the variability in the characteristics included in
the models of different species assemblages, we used relative
importance to determine which characteristics may be influ-
encing habitat use. Habitat characteristics with the highest
relative importance included site location (LATD), shoreline
configuration and mollusc prey density (Table 5). Waterfowl
abundance may increase with site latitude (higher latitude
sites are located near the head of the estuary, in the inner
Bay) because of the lack of hunting activity at these locations.
Other factors, such as prey abundance or protection from
exposure to waves or wind, may also influence the use of sites
further inland. Rocky headland species are an exception: their
numbers decrease with latitude because most rocky head-
lands are located near themouth of the Bay at lower latitudes.
In this case, availability of suitable prey may override the ben-
efits gained from inland sites for these species. Previous stud-
ies of the food habits of wintering waterfowl (e.g., Nilsson,
1970; Gauthier, 1993; Gordon et al., 1998; Fischer and Griffin,
2000) have shown that prey energy density of benthic inverte-
brates may be an important determinant of habitat use for
shallow cove, open water, and rocky headland species. Abun-
dance of all species decreased with shoreline configuration,
or the degree of convolution of the shoreline (i.e., increasing
water–land interface). The importance of the boundary be-
tween two habitat types has been demonstrated for many
species, and in our case a higher degree of shoreline configu-
ration may increase exposure of waterfowl to land-based pre-
dators (Blackburn et al., 1999; Van Wilgenburg et al., 2001;
Smith et al., 2004; but see Paton, 1994).
Including landscape characteristics improved the models
for waterfowl abundance and species richness. Based on dif-
ferences in Akaike weights (DAICc), models showed most
improvement when landscape characteristics were added
for all waterfowl and open water species, and least improve-
ment for marsh ducks. This suggests that landscape setting
may be influencing habitat use of wintering waterfowl in Nar-
ragansett Bay. Again using relative importance to compare
among species assemblages, we found that surrounding resi-
dential land, surrounding vegetated land, and wetland edge
most strongly influenced habitat use. The abundance of most
species was positively correlated with the amount of vege-
tated land surrounding a site (VEGL), and negatively corre-
lated with the amount of residential land (RESL). The
abundance of all waterfowl decreased with higher residential
land use, which may indicate a tendency to avoid areas in
close proximity to human activity. Increased residential
development and urbanisation has been shown to influence
breeding bird species diversity and species composition (Blair,
1996; Jokimaki and Kaisanlahti- Jokimaki, 2003; Melles et al.,
2003; Salvati, 2003), but few studies have examined changes
in abundance with increasing development. Traut and Hoste-
tler (2004) reported higher than expected abundances of wad-
ing birds, marsh birds, and ducks along developed shorelines
in central Florida, but attributed changes to differences in
vegetation rather than human disturbance.
The abundance of all waterfowl decreased with increasing
wetland edge. We used wetland edge as a surrogate for the
amount of undeveloped water–land edge at a site, and ex-
pected increased wetland edge would result in an increase
in waterfowl abundance by providing protection from expo-
sure and an undeveloped buffer from human activity (Kristan
et al., 2003). However, increased wetland edge may also in-
crease exposure of waterfowl to land-based predators. Water-
fowl abundance increased with an increasing proportion of
vegetated land (i.e., open grassland, shrub, brush, and for-
ested areas) surrounding our sites. Vegetated land near win-
tering areas may provide important uninhabited buffer for
waterfowl that mitigates the effects of human activity in
the surrounding watershed, particularly when vegetated land
comprises the upland terrestrial border of wetlands. Previous
studies have suggested that surrounding vegetated land may
enhance wetland wildlife habitat value (Golet and Larson,
1974; Burke and Whitfield, 1995; Semlitsch, 1998).
In summary, we identified best-fit habitat and landscape
models to describe habitat use by wintering waterfowl in
Narragansett bay, and found variability in the characteristics
included in the models for different species assemblages.
Our models identified several habitat and landscape charac-
teristics that may be influencing the distribution of wintering
waterfowl in Narragansett Bay, and should be considered
when developing conservation strategies for these species.
Additionally, our results suggest that landscape setting may
be influencing habitat use by waterfowl in this urban estuary.
For example, we found that nearby residential development
was the most important landscape characteristic explaining
waterfowl abundance in three of our six models, which sug-
gests that indirect human activity may be influencing water-
fowl distribution in this urban setting. This could have
important implications for the management and conserva-
tion of coastal waterfowl habitat in other urban areas. If hu-
man disturbance does limit habitat availability, then areas
that are subject to these disturbances may need to be de-
valued in some way to account for their reduced ability to
support wintering waterfowl. This ultimately means that
habitat objectives for waterfowl may need to be increased
by some amount to account for their reduced value. However,
our results should be interpreted with caution because (1) the
waterfowl–habitat relationships presented here are correla-
tive and do not imply cause and effect, (2) the correlations
are weak, possibly in part a result of our small sample size,
and (3) our study sites are characterized by relatively low
waterfowl densities. Future studies will be needed to address
these concerns: for example, larger scale studies of waterfowl
habitat use encompassing habitats in both urban and undis-
turbed areas may provide insights into regional patterns of
habitat use. Additionally, our results suggest that waterfowl
use of habitats within a residential or urban setting may be
confounded by limits on hunting imposed in these areas.
Apponaug Cove, a site where hunting is prohibited, had the
second highest waterfowl abundance despite having a high
proportion of residential development within a 100 m radius
of the site. Waterfowl may be willing to tolerate some degree
of human activity adjacent to a habitat in exchange for not
having to contend with hunting disturbance. Further studies
will also be needed to investigate the impact of residential
development on habitat utilisation in the context of direct
human disturbance, such as hunting activity, to help in
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establishing conservation priorities for waterfowl wintering
in urban estuarine habitats.
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